Abstract-The molecular structure of poly(vinyl alcohol) in its cryogels obtained via a single freeze-thaw cycle of aqueous solutions of the polymer is investigated by ATR FTIR spectroscopy. By means of Fourier deconvolution and spectral subtraction, methods, it is found that the spectra of cryogels contain a hidden crystallinity band at 1144 cm -1 due to poly(vinyl alcohol). For poly(vinyl alcohol) films crystallized at differ ent temperatures, a quantitative relationship is established between the relative intensity of absorption at a fre quency of 1144 cm -1 in the spectra of the polymer and its degree of crystallinity estimated via wide angle X ray diffraction. In terms of this relationship, the degree of crystallinity of poly(vinyl alcohol) in the cryogels is determined from their ATR FTIR spectra. This parameter is found to be 6, 10, and 14% for the cryogels with PVA concentrations of 9, 17, and 29%, respectively. The obtained data suggest that the formation of the cryogels is accompanied not only by the appearance of polymer crystallites but also by a change in the system of hydrogen bonds between the polymer and water.
INTRODUCTION
Poly(vinyl alcohol) cryogels are polymer gels that are formed via freezing of solutions of this polymer, their keeping in the frozen state, and subsequent thaw ing [1] . The cryogels of PVA possess high mechanical strength combined with high elasticity and preserve these properties to a considerable extent for a long time after immersion in water. In addition, they are nontoxic and biocompatible; therefore, they have found wide use in biomedical materials and technolo gies [2, 3] . The cryotropic gelation of PVA is possible in not only aqueous solutions and some organic sol vents but also their mixtures with water. The present paper is devoted to PVA cryogels obtained from aque ous solutions, that is, PVA cryo hydrogels.
The cryo hydrogels of PVA (hereafter referred to as cryogels) are physical gels; that is, junctions of a three dimensional polymer network (crosslinks) are formed via noncovalent interactions between polymer chains. It is generally agreed that the physical crosslinking of chains becomes possible owing to the freezing induced microphase separation of the PVA-water sys tem into the solid phase of crystalline water (ice) and the aqueous phase of a highly concentrated polymer solution [1, 2] . At the same time, the nature of poly mer network junctions of cryogels is still under discus sion. The prevailing opinion is that the junctions are PVA nanocrystallites. However, there is another view point, according to which the junctions are formed by clusters of PVA chains linked via hydrogen bonds [4] .
The main argument for this point of view is that wide angle X ray diffraction, which is the only direct method for the analysis of crystalline ordering in poly mers [5] , detects no signs of PVA crystallinity in cryo gels with relatively low polymer concentrations (<15%) [4, 6] . There are many studies dealing with the determination of the dimensions and/or concentra tions of crystallites in PVA cryogels via small angle neutron scattering, NMR, and DSC (see, e.g. [7] [8] [9] [10] [11] ). These are indirect methods of determining the crystalline phase that allow only its properties to be calculated under the assumption that the crystalline phase is indeed present in a cryogel. In polymer den sity distributions, inhomogeneities that make them selves evident in the neutron scattering characteris tics; the presence of protons with reduced mobility, as detected via NMR methods; and the occurrence of endothermic peaks, as measured via DSC, may be equally caused by crystallites and associates of poly mer chains linked via hydrogen bonds [4, 12, 13] . Therefore, the results of these methods, as applied to cryogels with relatively low PVA concentrations, can not be regarded as evidence for the crystalline nature of polymer network junctions in such "low concen tration" cryogels.
FTIR spectroscopy is among the most sensitive methods for the analysis of stereochemical and con formational structures of polymer chains, the molecu lar interactions between them, and their orientation and crystalline ordering [14] . The use of the attenu ated total reflection (ATR) method makes it possible to minimize the difficulties related to the registration of IR spectra in aqueous media that are due to the intense absorption of IR radiation by water. Therefore, ATR FTIR spectroscopy is intensively employed for the structural studies of natural and synthetic poly mers in their aqueous solutions and gels and for the ascertainment of molecular mechanisms of gelation processes [15] [16] [17] [18] . The aim of the current study is to detect and quantitatively determine the crystalline phase in PVA cryogels with the use of ATR FTIR spec troscopy.
EXPERIMENTAL
The PVA used in this study (16/1 brand, OOO NevaReactiv, Russia) had a degree of hydrolysis no lower than 98.7%, an average degree of polymeriza tion of 1400, and a content of sodium acetate of 0.6% at most. After the powder of PVA was immersed in dis tilled water and allowed to swell for 24 h, the suspen sion was placed into a thermostat at 90°С for 2 h. The resulting homogeneous transparent solution was retrieved from the thermostat and allowed to cool to room temperature under continuous stirring with a mechanical stirrer. PVA cryogels were prepared from solutions with polymer concentrations of 9, 17, and 29%. The polymer solution was poured into a polystyrene Petri dish (Cell Culture Dish, Corning), allowed to stay at ⎯ 15°С for 12 h, and thawed at 10°С for 24 h. The as obtained cryogel sample was heated to room temper ature immediately before registration of ATR IR spectra. The thickness of cryogel samples was 3-5 mm.
PVA films with a thickness of 4-6 µm were cast from solutions with polymer concentrations of 4% on the bottom of polystyrene Petri dishes followed by dry ing at room temperature for 1-3 days. Then, the films were separated from the substrate. Films with an increased degree of crystallinity were prepared via annealing of the films formed at room temperature for 1 h at 90, 120, 135, and 150°С. Films with reduced levels of crystallinity were obtained via incorporation of LiCl into their composition. The LiCl was added to a 4% solution of PVA at a concentration of 0.1 mol/L. PVA-LiCl films were cast from this solution in a man ner similar to that used in the case of pure PVA films.
The ATR IR spectra of PVA cryogels and the trans mission IR spectra of PVA films were recorded on a Nexus 670 FTIR spectrometer (Thermo Nicolet, United States) in the frequency range 650-4000 cm -1 ; the resolution was 2 cm -1 , and the scan numbers were 128 and 64, respectively. Measurements were per formed on a horizontal Smart ARK ART attachment (Thermo Spectra Tech, United States) equipped with a ZnSe crystal as an internal reflection element pro viding seven reflections on the working crystal face at an angle of 60°. The spectra were analyzed and math ematically processed by the program Omnic 7.3. X ray studies of PVA films were performed on an HZG 4A diffractometer (Carl Zeiss, Jena) at a voltage of 40 kV and a current of 30 mA with the use of nickel filtered CuK α radiation in the point by point registration mode with a step of 0.1°. A complex diffraction scat tering contour was separated into elementary Lorent zian bands via the program Origin 6.1. The separation procedure will be described in detail during discussion of the corresponding results. The degree of crystallin ity, α, for PVA films was determined through the for mula α = I c /(I c + I a ), where I c is the total intensity of all X ray scattering bands of the crystalline polymer phase and I a is the intensity of the scattering band due to the amorphous phase.
RESULTS AND DISCUSSION Figure 1 shows the ATR IR spectra measured in the frequency range 700-3800 cm -1 for water and for PVA aqueous solutions and cryogels with polymer concen trations of 9, 17, and 29%. Water intensely absorbs in the ranges 2800-3700 and 1500-1800 and below 1000 cm -1
. Against the background of this absorption, relatively weak PVA bands are observed in the spectra of solutions and cryogels at 2800-3000 and 1000-1400 cm -1 ; they become more intense with an increase in the polymer concentration. From the viewpoint of problems solved in the present paper, the most inter esting is the 930-1180 cm -1 range, where a complex broad absorption band peaking at 1094 cm -1 is located. This band is due to the stretching vibrations of (1) water, (2-4) aqueous solu tions, and (2'-4') cryogels of PVA with polymer concen trations of (2, 2') 9, (3, 3') 17, and (4, 4') 29% in the range 700-3800 cm -1 . Here and in Figs. 2-6, the spectra are shifted along the ordinate axis for the sake of clarity.
